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 Abstract  
The work investigates the effect of various post-injection strategies on the flame patterns in a Ricardo 
Hydra optical single cylinder light duty diesel engine, operated in a partially premixed combustion 
mode (PPC), under low load (IMEP: ca. 2.3 bar) low speed (1200 rpm) conditions. The effect of post-
injection fuel amount (12 and 24% of the total fuel quantity per cycle) and post-injection timing (0, 
5, 10 deg aTDC) are investigated via pressure trace analysis and optical measurements. Flame 
propagation is captured by means of high speed flame natural luminosity imaging and of CH*, C2
* 
and OH* line-of-sight chemiluminescence measurements. Results indicate that post-injections 
suppress mixture reactivity but enhances oxidation, and that a larger amount of fuel and/or later post 
injection, leads to higher levels of natural luminosity, indicating possible higher soot-out emissions, 
while post injection close to the main combustion event appears to have a beneficial effect on the soot 
oxidation processes.  
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 1. Introduction 
Diesel engine development focuses on optimising fuel conversion efficiency by incorporating novel 
and alternative technologies and fuels, as well as considering a range of advanced concepts for energy 
saving (Taylor, 2008; Reitz, 2013; Kalghatgi, 2015). The target is to cover the increased demand for 
high performance and comfort levels, while, at the same time, addressing increasingly stringent 
vehicular exhaust emission legislation, and also account for the global dependence on fossil 
feedstock, which will maintain its share in tranportation technologies, at least for the foreseeable 
future. Novel compression ignition modes diverge from conventional operation, which is collectively 
characterized by high temperatures, significant heat losses, sooty behavior, and go towards regimes 
characterized by stronger premixing, low temperatures and moderate heat transfer rates. Modern 
diesel engines exploit technologies such as common-rail systems, complex fuel injection control 
strategies, Exhaust Gas Recirculation (EGR) and extensive exhaust gas after-treatment schemes (e.g. 
Reitz, 2013; Dempsey et al., 2014), so as to meet the emission limitations while maintaining high 
thermal efﬁciency and speciﬁc power output. Consequently, and following the underlying principle 
of the low temperature combustion (LTC) strategy (e.g. Dec, 2009), Homogeneous- or Partially-
Premixed Charge Compression Ignition (HCCI or PCCI) modes have been, among others, developed 
(e.g. Stanglmaier et al., 1999; Yao et al., 2009; Saxena and Bedoya, 2013).  
Increased thermal efficiency, lower NOx and particulate matter (PM) emissions have been achieved 
with HCCI, although at the expense of high emissions of hydrocarbons (HC) and CO. Moreover, 
HCCI operation at low loads is difficult to achieve because of the inability to auto-ignite very lean 
mixtures, while, at high loads, high pressure rise rates may potentially cause very high noise and 
possible damage to the engine (e.g. Epping et al., 2002). The PCCI mode was conceived as a means 
of overcoming the difficulties of controlling the ignition timing in the HCCI mode  and may be 
considered to be a hybrid mode between HCCI and conventional compression ignition (CI) 
combustion. PCCI constitutes a potentially attractive option, since the control of ignition timing is 
largely maintained, as in conventional CI mode, while more extensive - but nevertheless partial -
 premixing ensures auto-ignition at low and high loads, resulting in high efficiency, low NOx and 
particulate matter (PM) (e.g. Leermakers et al., 2011; Kalghatgi et al., 2013). The relatively early fuel 
injection promotes mixing before ignition while the injection is nevertheless being sufficiently close 
to TDC and constitutes thus a means of controlling the timing of the start of combustion. However, 
relatively high emissions of hydrocarbons (HC) and carbon monoxide (CO) may be also present 
combined with increased noise levels, facts that can be tackled through a variety of fuel types and 
combustion phasing control strategies (Benajes et al., 2008; Lu et al., 2011; Bao et al., 2014; Kim et 
al., 2014).  
Contrary to conventional diesel combustion, comprising both kinetically- and mixing- controlled 
phases, partially premixed combustion can, in principle, restrict the non-premixed phase, which is 
largely responsible for soot formation. As a result, premixed controlled combustion becomes 
relatively more important, and auto-ignition kinetics, which are affected by local charge composition 
(equivalence ratio) and reactants’ temperature and pressure histories, have a key role. The application 
of EGR, apart from reducing NOx, constitutes also a promising means of controlling the combustion 
phasing of such engine combustion modes. However, a major issue is to overcome the fact that the 
start of combustion is not an independent variable and may vary to an unacceptable extent (e.g. 
Pickett, 2005). This may be addressed by complex injection schemes or/and extensive EGR levels, 
hence prolonging ignition delay (e.g. Dec et al., 2000), resulting in greater premixing and in turn 
lower smoke levels due to either shorter formation time, or through enhancing soot oxidation (e.g. 
Eastwood et al., 2007). 
Multi-injection strategies are essentially transforming diesel combustion into a series of low 
temperature, stratified charge, partially premixed combustion events, where NOx formation is avoided 
due to relatively low temperatures and soot formation is avoided as the charge gets leaner (as 
compared to the conventional diesel mode). Soot exhaust emissions are, in turn, reduced by lowering 
the local equivalence ratio and by re-oxidation of formed soot (e.g. Neely et al., 2005; Dale et al., 
2007). An effective multiple injection scheme may exploit, higher injection pressure to accelerate the 
 atomization process, a pilot or pre-injection(s) to enhance premixing and, possibly, reduce noise, as 
well as post-injection(s), either to promote soot oxidation, or to trigger regeneration in diesel 
particulate filters (DPFs) (e.g. Mohan et al., 2013). For the latter case, a late post injection strategy is 
needed for oxidation of smoke formed during combustion but also in order to appropriately generate 
hydrocarbons for an active lean NOx catalyst (e.g. Bozic et al., 2010). On the other hand, post 
injections close to the main injection event are commonly employed for raw soot reduction. Post-
injection of a carefully chosen fuel quantity, at the appropriate timing, enhances mixing and thus 
recirculates the remaining in-cylinder oxygen, creating thereby the appropriate conditions for an 
increase in the local heat transfer rate (Desantes et al., 2007; 2011). By injecting small amounts of 
fuel soon after the end of the main injection, fuel-lean mixtures near the injector that suffer incomplete 
combustion can be enriched with post-injection fuel and burned to completion (O'Connor and 
Musculus, 2013b). 
The application of post injection schemes in diesel engines operated under an LTC strategy, have also 
attracted a particular research focus (e.g. Desantes et al., 2007; Chartier et al., 2011; Frapolli et al., 
2014). In earlier studies, e.g. Chen (2000), it was found that, depending on the particular engine 
operating conditions and EGR rate, the application of multiple post injections (operation based on 
LTC principles is implied), can lead to reduced particulate emissions from a diesel passenger car by 
as much as 40%. More recently, Park and Bae (2013) investigated the effect of post injection in a 
light duty PCCI diesel engine and found that exhaust smoke emission had a close relationship neither 
with post injection timing nor with quantity, under most of the tests conducted. Nonetheless, 
significant reduction in HC and CO emissions could be achieved due to vigorous combustion of the 
post injected fuel. Evidently, the beneficial effects on emission reduction, stemming from the 
variation of the post injection quantity and timing, are quite sensitive to engine speed and load 
conditions, EGR levels, and engine operation strategy (e.g. Nimodia et al., 2013).  
Although various post injection schemes have been reported in the literature covering a vast range of 
both light and heavy duty diesel engine operation conditions (see also the succinct review of 
 O’Connor and Musculus 2013a), it is difficult to arrive at a straightforward description of the effect 
of each scheme on engine-out soot or other exhaust emissions, and some gaps in current fundamental 
understanding still exist. Therefore, numerous efforts appear in the literature investigating post 
injections under a basic research perspective in non-engine environments. Baro et al. (2012, 2014), 
have utilized both an optically accessible cylindrical constant volume chamber and a production-type 
3-liter diesel engine to study soot evolution using a 2-color-pyrometry method, concluding that post 
injection phasing (also as expressed by the dwell between the main and the post injection) is a crucial 
parameter and that the soot oxidation rate can be improved only by increased turbulence and heat 
addition from the post injection occuring in a time window before the soot in-cylinder production 
peak occurs. The dwell between main and post injection also directly influences the number and mass 
of soot particles and fine tuning can lead to a promotion of the soot oxidation rates favouring 
nanostructures (Li et al., 2015; Xu et al., 2014). The effect of the “post” fuel quantity on particle size 
distribution has also been investigated under a close-coupled main-post injection scheme in Desantes 
et al. (2011), who found that particular strategies (close post-injection with a high fuel mass post-
injected) result in possible beneficial effects in the exhaust particle number. Finally, CFD based 
numerical analysis with semi-detailed chemistry, has also been utilized to complement experimental 
findings in simpler devices than a real engine, such as combustion bombs, and confirms the pivotal 
role of the post injection fuel burning rate and the influence of the local in-cylinder conditions in 
terms of availability of oxygen carriers (O2 and OH radicals) and temperature levels on both the post 
injection induced soot formation and total soot oxidation rates (e.g. Hessel et al., 2014; Yue et al., 
2015).  
Summarizing, previous work in the literature has shown that the main hypothesis for the beneficial 
effect of post injection on soot reduction is due to enhanced late cycle mixing and the associated 
increased late cycle temperature. However, the dominant mechanisms can vary significantly 
depending on the engine operating conditions, thus obscuring the establishment of a clear 
optimization strategy. The scope of the present work is to expand acknowledged operating conditions 
 and to visualise this behaviour in a previously characterized single cylinder optically accessed 
Ricardo Hydra CI engine equipped with a Ford York I4 2.2 L engine cylinder head (Hong, 2015; 
Founti et al., 2015), aiming to gain some further understanding about the mechanisms determining 
the soot reduction mechanisms under a post injection scheme. Measurements were performed in the 
latter engine with respect to various post injection timings and fuel amounts. The multiple pilot and 
main injection events were kept constant and corresponded to partially premixed combustion modes, 
facilitating the systematic assessment of the effect of post injections on in-cylinder pressure and heat 
transfer rate, as well as various flame characteristics. In-cylinder pressure analysis, high speed 
imaging and CH* and C2
* line-of-sight in-cylinder chemiluminescence have been utilized. Each of 
the above observable is a proxy for a fundamental combustion property; flame natural luminosity is 
related to soot levels, CH* to the heat release zone and the flame front, while C2
* is indicative of fuel-
rich areas. OH* chemiluminescene is a good marker for the ignition event and correlates well with 
the extent of the oxidation zone. 
 
2. Experimental Apparatus and Methodology 
The experimental campaign was realized on an optical Ricardo Hydra single cylinder low duty diesel 
engine (bore: 93.62 mm; stroke: 90.55 mm; geometric compression ratio: 16.9). The engine 
configuration and the instrumentation have been described in detail in recent previous works (Hong, 
2015; Founti et al., 2015). The piston  features a cylindrical bowl design, through which optical access 
to the combustion chamber is facilitated. The fuel injection system was from a production Ford Puma 
2.2 L engine featuring common rail technology. The fuel pump was a Siemens/Continental K10_16 
and used in conjunction with a Siemens VDO K10_14 common Rail with four 8-holes Siemens 
injectors, with 140° cone angle, nominal spray hole diameter of 0.12 mm. One of the four injectors 
injected into the cylinder, while the other three injected into a collection volume so the pressure wave 
effect of injections in the high pressure lines can be simulated. The combustion chamber consisted of 
a metal piston with an optical window in the piston crown and, in the liner, a metal annulus, which 
 accommodated insets for four optical windows. In-cylinder pressure was measured by a Kistler type 
6056A41 Quartz Pressure Sensor (logged at every 0.2 CAD) and the analysis of the recorded signal 
was realized through in-house codes to calculate the apparent heat transfer rate (utilizing the Woschni 
correlation for the heat transfer model; e.g. Heywood, 1998). For all cases, the coefficient of variation 
for the IMEP was found to be less than 1%. A Photron Fastcam APX-RS high-speed CMOS camera 
recorded the images, controlled by LaVision HighSpeed Controller, equipped with a 50 mm (1:1.8) 
Nikor lens. The camera acquired data at a frequency of 20 kHz, which corresponded approximately 
to 3 images per CAD at the 1200 rpm engine speed. The images (exposure time: 50 µs) had 
720x526 pixel resolution over 10 cycles, with 100 images per cycle. The optical filter for CH 
chemiluminescence was a 430 nm bandpass filter (FWHM 20 nm, Tmax=45%) whereas 
chemiluminescence of C2 passed through an optical bandpass filter at 514 nm (FWHM 30 nm, 
Tmax=54%). OH imaging was realized via combining a UG11 and a WG295 high transmissivity filters 
(Edmund optics).  
The findings of the experimental campaign are discussed based on both optical measurements and 
via pressure trace and apparent rate of heat transfer analyses. Each observable can be linked to a 
fundamental combustion feature. Flame propagation is captured by means of high speed imaging of 
flame luminosity and CH*, C2
* and OH* line-of-sight chemiluminescence measurements. Flame 
natural luminosity from diesel combustion suffices for the study of soot luminosity that mainly 
includes contributions from soot luminescence and incandescence. The signal from the flame natural 
luminosity can be correlated to the total soot oxidation rate, and within the context of the present 
study is considered as a proxy of the in-cylinder soot levels. Furthermore, each of the 
chemiluminescent species is a proxy of a fundamental combustion property; CH* is linked to the heat 
release zone and the flame front, while C2
* is indicative of fuel-rich areas. OH* has been found to be 
a good proxy of the oxidation zone and is used to determine spatial and temporal ignition.  
The short-lived CH* radicals mainly include C2 and C2H as precursor species (Bozkurt et al., 2012) 
and are formed within a narrow reaction zone with high temperature gradients (indication of the flame 
 front; e.g. Najm et al., 1998), hence regarded as an indication of the mixture reactivity. On the other 
hand, CH2 and C3 species play a prominent role on the formation of the excited C2 species, which 
become more intense on the locally formed fuel-rich pockets formed. Therefore, C2
* 
chemiluminescence images can provide information about reacting fuel-rich zones, predominately 
originating from premixed areas of the flame (e.g. Kohse-Höinghaus, 1994), as has also been 
substantiated in studies of fundamental premixed flames (Kathrotia et al., 2012) and diesel engines 
environment (Anders et al. 1999). Exited OH* species are mainly formed through reaction of 
molecular oxygen with CH (e.g. Panoutsos et al., 2009), and are strongly correlated to OH levels (e.g. 
Yu et al., 2013).  
 
3. Results and Discussion  
3.1 In-cylinder pressure analysis 
The work examines the effect of late injection on the lifted, partially premixed, turbulent diffusion 
flame created by imposing a multiple injection strategy (two pre- and a main injection) and several 
post-injections. Injection schedule details are summarized in Table 1. The presented results 
correspond to a constant engine speed at 1200 rpm, intake air temperature 60 oC and injection 
pressure at 25 MPa. The indicated mean effective pressure (IMEP) was found in the range of 2.1 – 
2.6 bar for all the post injection cases, while the base case was found to be approximately 1.8 bar (due 
to the overall less fuel amount per cycle). The low-load, low-speed conditions of the present work are 
in line with the literature, where is has been suggested that such conditions are suitable for the study 
of soot reduction strategies since, in general, post injection is less effective as a strategy for reducing 
soot at higher loads (O’Connor and Musculus, 2013a). Moreover, the PPC-like operation mode is 
believed to have better applicability in the lower part of the engine load range, while retaining the use 
of conventional diesel fuel with current fuel injection equipment of passenger cars (Bakker et al., 
2014). 
 Figure 1 presents the results of the in-cylinder pressure trace analysis and the corresponding apparent 
heat transfer rates (AHTRs). The current clamp signal is also shown and it is evident that the initial 
injection profiles are identical and differences among cases are reflected only in the post-injections. 
Table 2 summarizes the global combustion characteristics for all cases considered in the present work. 
Although the in-cylinder pressure does not change significantly (peak pressure values for all post-
injection cases lie within a 5% of the base case value), the apparent heat transfer rates do; the second 
peak in the respective profiles indicates the combustion of the post-injected fuel. It can be observed 
that the secondary heat transfer due to the post injection event leads to a slight pressure rise during 
the expansion stroke, and particularly after 20 CAD aTDC. This is also translated into ca. 100 K 
higher temperatures at 30 CAD aTDC (though this can only be considered as a rough estimation 
based on the equation of state and the actual air mass measured during the experiments), also possibly 
contributing to the soot oxidation processes. Furthermore, a progressive flattening of the post-
injection AHTR peak with increasing the dwell between the main injection and the post injection 
(from Cases A and B to Case C and then to Case D) can be observed, as also reported in the literature 
(Frapolli et al., 2014).  
The analysis of in-cylinder pressure trace reveals that any post injection strategy results in a delayed 
initialization of the combustion event, as quantified through the CA10 value, which generally occurs 
before 3 CAD aTDC for Cases A-D, 1 to 1.5 CAD later than the Base Case. As discussed later, these 
values are also corroborated by chemiluminescence data. Cases A and B reveal a notable resemblance 
in AHTRs, indicating that the amount of injected fuel is unimportant, at least if the post injection 
timing is maintained close to the main injection event. However, by doubling the amount of the post-
injection fuel, the IMEP is naturally increased, while combustion phasing as indicated by CA50 (i.e. 
the crank angle location where the 50% of the total heat transfer rate has occurred) is slightly retarded. 
Combustion duration (defined as CA90-CA10) increases, mainly due to the retarded combustion of 
the additional post injection fuel resulting in retarded CA90 values. For the base case, i.e. without a 
post-injection, the combustion event is completed by 22 CAD aTDC, whereas for Case A, this 
 happens at approx. 26 CAD aTDC, when CA90 is achieved. For the rest of the cases, the combustion 
event is further delayed by up to ca. 3 CAD. Focusing on the effect of the post injection timing while 
injecting the same fuel amount (see Cases CBD), the results suggest that the case of the 
ca. 10 CAD post-injection dwell (Case B) stands out in terms of combustion phasing (CA50), where 
the extreme cases of ca. 5 (Case C) and ca. 15 CAD (Case C) dwell behave similarly. Overall, the 
outcome of the in-cylinder pressure analysis suggests that the post injection fuel quantity is not an 
important parameter for the AHTR when injected close to the main injection (Cases A and B have 
similar AHTR profiles), while the timing effect is more pronounced (Cases B-D). On the other hand, 
post-injection fuel amount is indeed an important parameter on defining the pressure rise rate. In 
particular, the respective peak values are increased in comparison to the base case only when the late 
injected amount is above 20% of the total fuel injected.  
3.2 Optical measurements analysis 
Figures 2a and 2b show the normalised signal of the optical measurements obtained along with the 
pressure trace and the calculated AHTR for each case considered. The combination of the flame 
natural luminosity and species chemiluminescence together with the normalized AHTR profiles, 
which originate from the in-cylinder pressure trace analysis, exhibits the phasing of important radicals 
versus the combustion development. As heat release processes may be correlated to a range of 
chemiluminescence signals (e.g. Hultqvist et al., 2002; Yu et al., 2013), the combined analysis 
provides information about the relative phasing between the measured thermodynamic quantities and 
optical observations. In all cases, the AHTR curves are advanced relatively to the chemiluminescence 
curves, whereas the local peaks of the chemiluminescence signals, related to the combustion of the 
main fuel injection, generally coincide with the maximum in-cylinder pressure. The different phasing 
between the AHTR and the chemiluminescence curves can be attributed to the fact that, while the 
chemiluminescence curves are related to the heat released from the fuel, the calculated AHTR stands 
for the total energy transferred from the in-cylinder charge to the engine. Such observations have also 
been reported via OH LIF measurements in optical engines, e.g. Tanov et al. (2014). The absence of 
 chemiluminescence signal could also be related with some systematic errors during the experimental 
procedure, such as image thresholding to avoid saturation of the imaging sensor at peak signals, or 
the limited optical access into the combustion chamber (the images captured through the piston crown 
represent 60% of the cylinder area), resulting in a partial loss of the chemiluminescence signal. 
Indicatively for the base case (Fig. 2a), images of the OH* chemiluminescence signal are shown. The 
signal captured at TDC is very low and there is no indication of signal originating from the 
recirculating charge of the outer, non observable part of the cylinder. The AHTR initiates before the 
natural flame luminosity signal, suggesting an absence of soot oxidation and thus, a premixed burning 
phase after ignition. This justifies the choice of the multiple injection schedule, which was adopted 
towards a partially premixed operation mode. The natural luminosity signal becomes significantly 
larger during the diffusion-burning phase, and is related with soot oxidation. The addition of the post 
fuel quantity introduces a peak in all chemiluminescence signals indicating enhanced reactivity in an 
environment of elevated in-cylinder pressure and temperature. The above analysis provides 
confidence on the methodology adopted, and, considering the above general guidelines, a more 
detailed analysis follows, which is focused on the events attributed to the different post injection 
schemes. 
3.2.1 Natural luminosity 
Flame luminosity imaging confirms that combustion activity is significantly prolonged when post 
injection is employed. Flame natural luminosity images, at selected crank angle positions for all cases 
considered, are presented in a pseudo-isometric view in Fig. 3, while Fig. 4 shows the corresponding 
integrated flame natural luminosity signals. Overall, qualitatively speaking, the acquired images 
suggest that in-cylinder mixing is enhanced during the expansion stroke via the post injection event; 
this is corroborated by the presence of radial gradients in the natural luminosity signal at later CADs 
in Fig. 3, and is in agreement with previous work, e.g. Desantes et al. (2007). It is generally believed 
that a close coupled main and post injection scheme is beneficial for end-soot reduction due to the 
induced in-cylinder conditions characterized by enhanced mixing and oxidation. The measurements 
 reveal that for post-injection timings closer to the TDC, i.e. Cases A-C, the main combustion event 
overlaps with the secondary one due to late injection, whereas for more retarded post injection, i.e. 
Case D, the combustion is characterized by two discrete events.  
Engine-out soot levels will be determined by the degree of mixing between the main combustion-
generated soot with the available oxygen at the given post-injection timing, and the increased 
temperature and chemical reactivity resulting due to the post-injection (e.g. Barro et al., 2012). Thus, 
it can be deduced that Case B (post injection of 24% main fuel mass at 5 CAD aTDC) is likely to 
have higher end-soot emissions than Case A (identical timing as compared to Case A, but 12% of 
main fuel mass), because the natural luminosity, mainly originating from soot, lasts longer. On the 
other hand, injection of a 12% of the main fuel mass at TDC (Case C) appears to have less raw-soot 
formation, as luminosity drops faster than the other cases studied. The results for natural luminosity 
measurement in Case C are in agreement with the findings of Hotta et al. (2005), who measured 
minimum exhaust soot levels in a similar engine for a post injection timing close to the main injection 
event. Finally, it could be anticipated that Case D would eventually be characterized by higher soot-
out emissions, since the natural luminosity signal decays slower and closer to the exhaust valve 
opening. Also, Case D features the slowest rate of increase and reduction in the natural luminosity 
signal of the post injection event. This is expected due to the lower (as compared to the other post 
injection strategies) bulk temperatures encountered during late post injections, which in turn impose 
an overall slower chemistry.  
 
3.2.2 Chemiluminescence measurements 
Figures 5 and 6 present CH* POD (Proper Orthogonal Decomposition) images and CH* integrated 
signal, respectively, for the Base Case and Cases A-D as well, whereas Figures 9 and 10 present OH* 
POD images and OH* integrated signal, respectively. OH* and CH* chemiluminescence 
measurements reveal that the initial stage of ignition is virtually the same for all studied cases, so the 
 focus is here given on describing the alterations in the flame as a function of the post injection 
characteristics. Heat release processes are linked to the overall charge reactivity and, therefore, to the 
intensity of CH* signal (in arbitrary units). The measured (integrated over the line-of-sight) CH* 
chemiluminescence for all cases is presented in Fig. 6, where the flame characteristics are shown. 
Any post-injection strategy prolongs charge reactivity, since more fuel is provided, and the individual 
flame structure originating from each injector hole is evident. The increase in injected fuel at the same 
timing (i.e. Case B) enhances the reaction zone to span a larger area (and, hence, presumably volume) 
of the bore (broader CH* signal profiles). Nevertheless, as the post injection amount increases and its 
timing is more retarded, the integrated CH* signal is lower, meaning that the fuel is injected too late 
to boost reactivity and consequently the bulk temperature to the level required for soot oxidation. 
Interestingly, when doubling the fuel amount of the post injection (Case B cf. Case A), the peak CH* 
signal is clearly suppressed, while the local AHTR values are almost the same (see also Fig. 1) 
indicating the potentially adverse effect of the increased local stoichiometry in the vicinity of the 
post-injection on flame reactivity. For dwell timings within about 5 CAD from the main combustion 
event and for a constant fuel amount (Cases B and C), peak CH* chemiluminescence is nearly 
constant. Finally, a late post injection schedule (Case D), establishes a new, isolated oxidation event 
which is comparable in terms of mixture reactivity with the main one (although note that this is not 
further manifested in the related AHTR profile). This behaviour of Case D is also captured by C2
* 
and OH* chemiluminescence, as well as flame natural luminosity measurements presented below.  
Figures 7 and 8 present the pseudo-isometric view of C2
* distribution for selected CAD and the 
integrated C2
* signal through the optical piston, respectively. Measurements of the latter species’ 
chemiluminescence provide an insight into reacting fuel rich areas, further supporting flame pattern 
identification. C2
* species imaging reveals that for Case C (post injection at TDC), there is a close 
overlapping between the areas of most intense premixed fuel rich reaction due to the post injection. 
Case C also results in a more, relative to the other cases, retarded appearance of the CH* signal 
originating from the main combustion event, indicating a more extended mixing period between the 
 primary reaction zone and the post injection induced reaction. For both Cases A and B, the fuel-rich 
premixed reaction zones disappear by approximately 10 CAD aTDC and subsequently appear again 
between ca. 10 to 20 CAD aTDC. Somewhat surprisingly, the amount of fuel  post injected does not 
affect the extent of formation of premixed reaction areas in the charge (Cases A and B feature 
identical peak values of C2
* signals). This quasi-modal pattern in the appearance of premixed zones 
in the charge is, as might have been expected, particularly pronounced for Case D, but it is interesting 
to note that the peaks in C2
* are of the same magnitude as in the other cases, despite the difference in 
the fuel amounts involved (and thus the momentum of the fluid masses), indicating thus the increased 
extent of the induced mixing by the post injection scheme. 
The flame oxidation rate can be inferred from the analysis of the OH* chemiluminescence 
measurements. Any post injection strategy largely extends the oxidation zone. Interestingly, up to 
approximately 8 CAD aTDC, the total OH* signal seems the same, even for Case C, where the post 
injection fuel has already been injected (Fig. 10), while there are qualitative differences across the 
entire cycle in the planar images (Fig. 9). OH* chemiluminescence imaging also provides the contours 
of the flame “fingers”; larger post-fuel amounts and/or closer to the TDC post-injections, provoke 
broader shaped fingers of OH* images. Considering that Case B, as compared to Case A, features 
higher peak OH* signal, but lower peak CH* signal, it can be stated that in-cylinder O2 availability is 
such that it can accommodate the oxidation of the enhanced fuel amount, but, possibly, not so that it 
provides a vigorous additional local heat release. Moreover, OH* images corresponding to Case C 
(post-injection at TDC) cover greater area, indicating the synergistic effect of the post injection timing 
and the turbulence levels at the beginning of the expansion stroke. The extreme case of the late post-
injection at 10 CAD aTDC (Case D) results in a secondary oxidation zone, in agreement with the 
observations made earlier with respect to other chemiluminescent species. Note that the radial extent 
of the oxidation zone changes strongly as a function of the piston position, since it is directly 
dependent on the local stoichiometry conditions and the extent of turbulent mixing (being reduced as 
we move towards the exhaust valve opening).  
 The above observations are of relevance to the anticipated exhaust soot emissions. Taking into 
account the fact that the OH* signal is proportional to the actual OH radical concentration, arguments 
related to the overall soot oxidation can be made. According to the current understanding of the soot 
oxidation mechanisms (e.g. O’Connor and Musculus, 2013a; Oppenauer and Alberer, 2013), soot 
precursors as well as soot particle oxidation by OH radicals can be of equal importance to the direct 
oxidation via O2. Thus, it could be anticipated that Case C would result in the lower soot emissions, 
while Case D in higher. Finally, note that the OH* and C2
* chemiluminescence signals remain at 
detectable levels significantly later in the engine cycle (45 and 35 CAD aTDC respectively; see Figs. 
8 and 10) than CH* signal, which is only detected up to ca. 25 CAD aTDC (Fig. 7). This is in 
agreement with the expectation that the fuel amount in the post-injection does not contribute to the 
overall charge reactivity but serves as a ‘spark’ for the enhancement of local mixing towards the 
oxidation of any remaining carbonaceous products from the main combustion. Overall, post injections 
suppress reactivity (as seen from the CH* signal), but enhance oxidation (OH* signal), while the extent 
of the premixed fuel rich areas mostly depends on the post-injection timing and the associated local 
in-cylinder conditions. The analysis based on the optical measurements is generally in agreement 
with indications based on pressure trace analysis, providing however greater insight into the late 
injection interaction with the main combustion event.  
 
4. Concluding remarks 
The combination of pre- and post-injection events was experimentally investigated in an optical 
single-cylinder low duty diesel engine operated in a PPC mode under low load, low speed (ca. 2.3 bar 
IMEP, 1200 rpm) conditions. The work focused on the influence of the post injection fuel amount 
and timing on the evolution of flame patterns and the possible respective implications for soot exhaust 
emissions are also discussed. Results are deduced via a combination of pressure trace and apparent 
rate of heat transfer rate analyses, as well as optical measurements. The different combustion patterns 
are visualized by means of high speed imaging of flame natural luminosity and CH*, C2
* and OH* 
 chemiluminescence. Each observable is considered as a proxy for soot oxidation rates, overall 
reactivity, premixed fuel rich areas and oxidation zones respectively. Results indicate that in all cases, 
except for Case C where the post injected fuel is the closest to the main injection event, post injected 
fuel ignited with a time delay. This delay is the longest in Case D, where, because of the late post-
injection, in-cylinder temperature and pressure had dropped. Results also indicate that flame intensity 
is strongly affected when post injection is employed close to the main injection event, whereas a 
retarded post-injection event leads to a virtually second flame front formation. An increase of the post 
injection fuel amount close to the main combustion event does not significantly affect the flame 
structure and evolution, whereas post injection further retarded during the expansion stroke may lead 
to higher soot-out emissions. Increased injected fuel at a given timing enhances the reaction zone to 
span a larger area (and presumably volume) in the cylinder, while premixing levels remain essentially 
unaffected. The reactivity induced by the post-injection is a key parameter in the determination of the 
extent of soot oxidation; the injected fuel amount in Case B was more efficient in terms of enriching 
fuel-lean areas in the partially premixed zone and in turn lead to faster completion of reaction and 
wider bore coverage in terms of soot oxidation (as indicated by the natural luminosity signal). This is 
even more pronounced in Case C, where the smaller dwell of post-injection schedule after the TDC 
fuel injection increases flame luminosity, as well as mixture reactivity and premixed zones as noted 
through the total recorded signal of CH* and C2
* respectively. The analysis also suggests that 
optimization of timing and amount of the post injection should consider the combined effects of 
oxygen enrichment of fuel rich areas, the further increase of the in-cylinder temperature, and the 
enhanced burnout mixing conditions. 
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Figure 1. Measured in-cylinder pressure, calculated apparent heat transfer rate profiles and injector 
signal as a function of crank angle degrees for all cases considered. 
 
  
Figure 2a. Normalized natural luminosity and species chemiluminescence signals, normalized 
apparent rate of heat transfer and normalized pressure profiles for the Base Case. OH* 
chemiluminescence images are also shown for selected CAD positions.  
 
  
Figure 2b. Normalized natural luminosity and species chemiluminescence signals, normalized 
apparent rate of heat transfer and normalized pressure profiles for the Cases A – D. 
  
  
Figure 3. Pseudo-isometric view of flame natural luminosity POD images at selected CAD. Red colour indicates high signal intensity, blue indicates 
low signal intensity. The injection timing of the post injection event in each case is also indicated. 
Figure 4. Integrated natural luminescence signal as a function of crank angle degrees for all cases 
considered. 
 
 
Figure 5. Pseudo-isometric view of CH* distribution POD images at selected CAD. Red colour indicates high signal intensity, blue indicates low signal 
intensity. The injection timing of the post injection event in each case is also indicated. 
 
Figure 6. Integrated CH* signal as a function of crank angle degrees for all cases considered. 
 
 
Figure 7. Pseudo-isometric view of C2
* distribution POD images at selected CAD. Red colour indicates high signal intensity, blue indicates low signal 
intensity. The injection timing of the post injection event in each case is also indicated. 
Figure 8. Integrated C2
* signal as a function of crank angle degrees for all cases considered. 
 
 
Figure 9. Pseudo-isometric view of OH* distribution POD images at selected CAD. Red color indicates high signal intensity, blue indicates low signal 
intensity. The injection timing of the post injection event in each case is also indicated. 
Figure 10. Integrated OH* signal as a function of crank angle degrees for all cases considered. 
 
Tables and Table Captions 
 
Table 1. Injection schedule details for all cases considered. Engine speed: 1200 rpm in all cases.  
Case 
Pre 
injection(s) 
(deg aTDC) 
Pre 
injection(s) 
(mg/cycle) 
Main 
injection 
(deg aTDC) 
Main 
injection 
(mg/cycle) 
Post 
injection 
(deg aTDC) 
Post 
injection 
(mg/cycle) 
Base case -14.7/-8.1 1.7/1.6 -5.6 5 -  -  
A -14.7/-8.1 1.7/1.6 -5.6 5 5 1 
B -14.7/-8.1 1.7/1.6 -5.6 5 5 2 
C -14.7/-8.1 1.7/1.6 -5.6 5 0 2 
D -14.7/-8.1 1.7/1.6 -5.6 5 10 2 
 
  
Table 2. Global combustion characteristics for the cases considered in the present work. 
Case 
IMEP 
(bar) 
CA10 
(deg 
aTDC) 
CA50 
(deg 
aTDC) 
CA90 
(deg 
aTDC) 
Combustion 
duration (CA90-
CA10, deg) 
Peak 
Pressure 
(bar) 
Peak 
Pressure 
Rise Rate 
(bar/deg) 
Base Case 1.77 1.62 10.40 25.02 23.40 35.94 1.49 
Case_A 2.08 2.72 12.04 26.56 23.84 34.50 1.27 
Case_B 2.61 2.44 13.69 30.40 27.96 35.64 1.57 
Case_C 2.48 2.18 12.11 27.44 25.27 35.80 1.61 
Case_D 2.15 2.07 12.02 27.84 25.78 34.98 1.60 
 
